Purpose: A randomized controlled trial was conducted in patients initiating warfarin to determine whether algorithms that incorporate genotypes affecting warfarin metabolism and function, and Vitamin K metabolism improve prediction of therapeutic warfarin dose and anticoagulation management. Methods: A total of 230 patients were randomized to either a clinical arm where dosing algorithms considered only clinical information or an interventional arm where dosing algorithms used clinical and genotypic variables (CYP2C9, CYP4F2, and VKORC1). Subjects in the interventional arm were genotyped within 5 hours, and the initial dose was informed by genotype. Primary endpoints were absolute prediction error relative to therapeutic dose, and time in therapeutic target range during the first 14 days. Secondary endpoints included time to stable dose in therapeutic range, time to first international normalization ratio Ͼ4, and warfarin-related adverse events. Results: The model including genetics more accurately identified therapeutic dose twice as often as the clinical model (65.3% vs. 34.7%) (P Ͻ 0.0001). Patients in the interventional arm did not achieve greater time in therapeutic range. Study arms were similar regarding time to international normalization ratio Ͼ4 and adverse events. Conclusion: Genotype-informed dosing clearly improved prediction of therapeutic dose beyond that available with clinical parameters. Genetic information did not affect time in therapeutic target range during the first 14 days of therapy. Current management practices with the vagaries in dose adjustment after warfarin initiation exert a strong influence on traditional clinical outcomes. Genet Med 2011:13(6):509 -518.
U ntil very recently, warfarin has been the only US Food and Drug Administration-approved oral anticoagulant and is still the drug of choice for long-term anticoagulation. 1 However, warfarin ranks among the top 10 drugs causing serious adverse events and emergency room visits. 2 The safe use of warfarin is hampered by a narrow therapeutic index and substantial interindividual variation in dose requirements. Until an individual's therapeutic dose of warfarin is known, patients on warfarin therapy are at high risk for serious adverse health events, especially during drug initiation and when the international normalization ratio (INR) is above the therapeutic target range. 3 Interindividual variation in warfarin dose is mediated by multiple factors. 4 -6 Approximately 20% of the variability is explained by age, presence of comorbidities (e.g., diabetes, cancer, renal or liver disease, and concomitant use of some medications), and other personal characteristics (e.g., gender, smoking, and body size). 7 An additional 35% of dose variability is attributed to polymorphisms in CYP2C9, VKORC1, and CYP4F2 genes. 8 -10 For each of these genes, there is a clear biological pathway linking genetic variations to warfarin dose response. The CYP2C9 enzyme metabolizes warfarin, and polymorphisms in this gene reduce enzymatic activity, leading to markedly lower therapeutic doses of warfarin in patients with these polymorphisms. Warfarin blocks VKORC1 enzyme activity, which catalyzes the reduction of Vitamin K 1 and its 2,3 epoxide. The reduced form of these compounds serves as a cofactor for the gamma glutamyl carboxylase that generates the active form of clotting factors II, V, VII, and IX. The genetic variants in VKORC1 result in a reduction of warfarin dose requirement by approximately 25% per variant allele. 9 The Cyp4F2 enzyme cleaves the phytal side chain of Vitamin K leading to inactive metabolites. 11 The genetic polymorphism in CYP4F2 increases warfarin therapeutic dose by up to 12% per allele. 10 Advanced models using combinations of clinical attributes and these genetic factors explain 50 -55% of variability in warfarin dose requirements. 12, 13 The development of warfarin dosing models, leveraged significantly by recent genetic discoveries, spurred interest in their potential application to improve patient safety by reducing or eliminating serious adverse health events. Therefore, we conducted a prospective, randomized, blinded, twoarm trial to determine whether initial warfarin dosing based on an algorithm using relevant genetic polymorphisms and clinical parameters (genetic ϩ clinical arm) was superior to an algorithm using only usual clinical parameters (clinicalonly arm) in predicting stable therapeutic dose of warfarin and in anticoagulation outcomes.
METHODS

Study objective
The objectives of the study were to determine the degree to which algorithms using clinical and genotypic variables that affect warfarin metabolism and function improve prediction of therapeutic warfarin dose and management of anticoagulation during the initiation period compared with clinical variables alone. Primary study endpoints were (1) absolute prediction error relative to therapeutic dose and (2) time in therapeutic target range during the first 14 days of therapy.
Patient eligibility, consent, and enrollment
Safety Monitoring Board (DSMB), which met three times during the course of the trial. The DSMB reviews focused on safety data, but one meeting included a formal interim analysis. The study was registered at www.clinicaltrials.gov under protocol NCT00484640: Modeling genotype and other factors to enhance safety of coumadin prescribing before enrollment of subjects. All participants provided written informed consent before trial enrollment.
Potentially eligible subjects included those new to warfarin therapy and those restarting therapy without a documented stable warfarin dose available in the medical record. Most subjects were initially identified through screening of the Marshfield Clinic electronic medical record for medical indications that require warfarin therapy. Some patients were referred to the study by physicians at Marshfield Clinic. Additional inclusion criteria were established to ensure that subject characteristics aligned closely with characteristics of the population on which algorithm parameters were estimated, including male and female patients of white ancestry (including Hispanic white), 40 years of age or older, and target INR range between 2 and 3.5. The dosing algorithm was limited to whites during development as the available population was Ͼ98% white, with insufficient numbers of subjects of other races. The study was initiated before the recent publication of other algorithms and was the only algorithm at the time that included CYP4F2. Exclusion criteria included pregnancy, known Native American, African American or Asian descent, thrombocytopenia, severe to moderate hepatic insufficiency, and other clinical contraindications for warfarin as deemed by the patient's physician. Women of childbearing potential were required to use an effective method of contraception.
Blinding
Study investigators who performed genetic testing were blinded to all aspects of patient care. Study physicians, nurses, and research coordinators were blinded to randomization of the subjects and to genotype. Patients were not blinded to their initial dose or dose adjustments. Attending physicians had access to all dose data but not to genotype or study arm assignment of their patients.
Study period
The study was designed to assess the impact of geneticinformed initial warfarin dose on commonly accepted clinical indicators, such as time in therapeutic range within the early initiation period when some experts, including ourselves, anticipated the effects of genotype-based dosing would be most evident. 14 A 60-day period was selected as a compromise between the more common 90-day period and a shorter 30-day period, which was thought to capture the effects of genotypebased initial dosing. 15 
Study intervention
Genetic testing
Genetic testing was performed in compliance with Clinical Laboratory Improvement Act-regulated procedures. The CYP2C9, VKORC1, and CYP4F2 genotypes were determined using Invader chemistry in a laboratory analysis developed with analyte-specific reagents manufactured by Third Wave Technologies (TWT, Madison, WI). The CYP2C9 assay detects CYP2C9*2 and CYP2C9*3. The VKORC1 assay detects position-1639. The CYP4F2 assay detects rs2108622. The CYP2C9 and VKORC1 assays have accuracy Ͼ99%. 16, 17 Before initiation of the trial, the CYP4F2 assay was validated with 100% concordance by sequencing nine samples using Big Dye Terminator 3.1 cycle sequencing with results read on an Applied Biosystems Prism™ 3100 Genetic Analyzer. Twenty-one samples were tested by both the TWT CYP4F2 research-use-only assay and Affymetrix DMET panel with 100% concordance. Additionally, synthetic targets for both alleles were tested and gave the expected result. Finally, four sets of trios from the HapMap project obtained from Coriell Institute for Medical Research (Camden, NJ) were tested and gave the correct result.
Leukocyte DNA was extracted from blood samples using QIAamp blood mini kit (Qiagen Inc., Valencia, CA). A positive control (DNA sample heterozygous for each allele of each gene tested), a negative control (water), and a heterozygous synthetic target were analyzed with each run to ensure that the test was functional. Test results were copied directly from the TWT report form into a dose calculation application within the study database. Twice per year, samples selected to cover all combinations of alleles were retested using the TWT assay and sequenced using Big Dye terminators to validate accuracy of the assay.
Initial warfarin dose
Blood was collected from all subjects at the time of enrollment. Subjects randomized to the genetic ϩ clinical arm were genotyped in real time, so that their initial warfarin dose could be informed by their genotypes. Blood from subjects randomized to the clinicalonly arm was frozen at Ϫ80°C and genotyped after these subjects completed the trial. Therapeutic warfarin dose was estimated individually for each subject using the algorithms presented in Table 1 . Marshfield pharmacogenetic models for 18 and have been further refined and tested since that time. 5, 10, 14 These multivariable regression models use relevant clinical parameters with or without genotype information. Because the model development cohort included few patients with no wild-type CYP2C9 alleles (*1), multivariate models were not established for those subjects who were CYP2C9*2/*2, CYP2C9*2/*3, or CYP2C9*3/*3. For those genotypes, the genetic ϩ clinical algorithm used the simple geometric mean doses from subjects in the model development cohort. The estimated dose was prescribed as the initial dose. All clinical data required for the algorithms were entered into the trial database. Once the data for a subject were entered, a database application randomized the subject and alerted laboratory staff as to whether the blood sample should be stored or genotyped immediately (completed within approximately 5 hours). For those genotyped immediately, laboratory staff entered genetic results into the trial database as soon as they were available. After all data required for the algorithm were entered, the database application calculated the assigned dose and notified nursing staff by e-mail. The database application also allowed trial staff to check on the status of patients enrolled at any time.
Nonhospitalized study subjects were supplied with starter kits containing Coumadin pills in 1, 2, and 5 mg concentrations to take with them after the clinical visit during which they enrolled. By providing various concentrations, subjects could return home while genotyping was performed. Brand name Coumadin was used throughout the study to eliminate variability that may be due to differences in formulation among warfarin manufacturers.
Once the assigned dose was available, a trial nurse contacted the subject by telephone and provided instructions on the correct pill or combination to be taken. For subjects recruited during hospital stays, trial nurses and physician investigators coordinated Coumadin therapy through the hospital pharmacy. All outpatient follow-up was conducted by trial nurses during the 60-day trial period. Coumadin was supplied to all subjects without cost for the duration of their 60-day enrollment in the trial. Patients did not receive financial remuneration for participating in this study.
Dose adjustment
Subjects received normal care for dose adjustments from nurses in the Marshfield Clinic Anticoagulation Service (ACS) or from one of two physician study investigators for hospitalized patients, using well-established ACS guidelines. Established in 1999, the ACS is nurse managed, physician led and has a demonstrated record for high-quality care. 19 ACS dose guidelines are based on consensus anticoagulation management strategies from the American College of Cardiology and the American Heart Association and are described by Ansell et al. 20 Figure 1 summarizes dose-adjustment processes in the first 10 days of therapy. INR measurements made by the clinical laboratory were used to inform dose adjustments.
Randomization
The trial randomization list was created using a random number generator in SAS statistical software (SAS is the registered trademark of SAS Institute Inc. in the United States and other countries; indicates US registration). Assignments to the two trial arms were blocked to ensure nearly equal numbers in each arm using randomly alternating block sizes of two and four. The randomization list was stored in the trial database application, but the list could only be accessed by the trial programmer. Randomization of individual subjects occurred after consent but before genotyping using the database application.
Study outcomes
The primary study endpoints were (1) absolute prediction error relative to therapeutic dose and (2) time in therapeutic target range during the first 14 days of therapy. Secondary endpoints were (1) time to therapeutic dose; (2) time to first INR Ͼ4; and (3) warfarin-related adverse health events.
Therapeutic dose
Therapeutic dose for the trial was defined as the average daily dose of warfarin in milligrams required to maintain a patient within target INR range as validated by two in-range measures taken at least 3 days apart, where the dosing regimen was consistent in the period from 6 days before the first INR through the last INR. This definition requires a consistent dosing regimen for at least 10 days, where consistent dosing was defined as requiring that the dose change by no more than 0.5 mg during the period. Although clinical management evaluates dosing on a weekly basis allowing for some variation in dosing from day to day, for trial purposes the total weekly dose was to be administered in seven approximately equal amounts.
For subjects who did not reach a trial-defined therapeutic dose during their trial period (n ϭ 77), we examined INR and dose data for an additional 60 days after their trial period to determine whether a clinically defined therapeutic dose could be determined. We developed an estimate of therapeutic dose in a manner analogous to our trial-defined stable dose: two consecutive in-range INRs were required that were at least 3 days apart, and the weekly dose remained constant for the period beginning 6 days before the index INR through the date of the trailing INR. The principal difference between trial and clinically defined dose was that the time period between INR measures tended to be longer in the maintenance phase compared with the initiation period. Ultimately, we were able to determine a clinical therapeutic dose for 23 of the 77 (30%) subjects who did not achieve therapeutic dose in the trial period.
Dose prediction errors
To calculate absolute prediction errors relative to therapeutic dose for each subject with data available, we determined the absolute value of the difference between the observed therapeutic dose and the algorithm-estimated dose. The absolute value was used as the endpoint, as both underdosing and overdosing increase patient risk. Because genetic data were available for analyses for all subjects regardless of their randomized assignment, and because the clinical factors were identical in both models, analyses were conducted that compared therapeutic dose with predicted starting doses for both clinical-only and genetics-clinical algorithms in all subjects regardless of randomized assignment. We also evaluated a "standard of care" 5 mg starting dose.
Time in therapeutic target range
Time in therapeutic target range during the first 14 days was calculated using two methods. The first was the simple percentage of days where INR was within range among those days where INR was measured. The second was as a weighted measure that interpolated the INR between two consecutive tests 21 and then weighted proportionately by how close the INR was to target, resulting in a risk-weighted outcome measure. The weights were based on published relative risks 3, 22 and the clinical judgment of the study investigators (Table 2 ).
Time to achieve therapeutic dose
Time to achieve therapeutic warfarin dose was defined as the number of days from initiation to the first INR used (as above) to determine therapeutic dose.
Time to INR Ͼ4
Time to first INR above 4 was measured as the number of days from warfarin initiation to the first reported INR Ͼ4.0.
Warfarin-related adverse events
Warfarin-related adverse drug events reported to the DSMB were defined as serious events that occurred during the trial including all deaths and other unanticipated health events, particularly thromboembolic events and serious hemorrhagic events. For completeness, all less serious thromboembolic and hemorrhagic events were also recorded. A standard adverse event report form was used to collect data on the patients as the adverse events occurred. Adverse events were collected through contact with the patients during the study and by abstraction from the patient's electronic medical record.
Statistical power and sample size
The trial recruitment goal was 130 subjects in each arm. Based on our data from previous studies, this was estimated to provide at least 80% statistical power (two-sided tests with ␣ ϭ 0.05) for each of our two primary outcomes assuming effect sizes of 15% and evaluable data on at least 90% of those enrolled.
One formal interim analysis was planned using an O'Brien and Fleming 23 bound (␣ ϭ 0.005 for the interim analysis, and ␣ ϭ 0.048 for the final analyses). Evaluation of the interim analysis resulted in recommendation by the DSMB for continuation of the trial.
The rate of enrollment was slower than anticipated, and even though trial enrollment was extended from 12 to 19 months, final enrollment achieved was 115 subjects per arm (88.5% of goal). After conditional power calculations showed very low power for observing a significant difference with respect to time in therapeutic range, even if the targeted enrollment was pursued, the trial investigators, the trial sponsor (Agency for HealthCare Research and Quality), and the DSMB agreed that the trial should close.
Statistical analysis
Baseline characteristics were summarized by randomized arm to describe the subjects enrolled and to illustrate the balance achieved by the randomization. The simple and riskweighted time-in-range variables were summarized with medians, and the trial arms were compared using the Wilcoxon rank-sum test. The primary analysis of the absolute prediction errors was based on a general linear mixed model. Our previous experience with this outcome showed a distribution that was skewed but was well normalized by Box-Cox 24 transformations. The primary analyses were, therefore, performed on the optimally transformed measures. The errors under each model were calculated for each patient, one for each study arm, with the correlation of these repeated measures within subjects incorporated in the mixed model. An additional term was added to the model to indicate the trial arm actually assigned and to allow the possibility that the initial dose assigned somehow affected the determination of therapeutic dose.
Secondary analyses included time-to-event (survival) analyses for the time to achieve therapeutic dose and for the time to the first INR Ͼ4. The Kaplan-Meier method 25 was used to estimate the survival functions, and tests of differences in eventfree survival were based on the generalized Wilcoxon test. 26 It was expected that serious adverse events among participants during the trial would be rare and generally unrelated to study assignment. Given the low statistical power for event comparisons, adverse events were described by trial arm but were not statistically compared by arm.
RESULTS
Study enrollment occurred over a 19-month period, beginning in June 2007, during which 1971 patients were screened for eligibility, and 230 were enrolled and followed throughout the trial as shown in Figure 2 . Only 20 (1%) eligible patients declined enrollment into the study. The primary reasons for screen failure were (1) a previously documented warfarin dose history, (2) physician treatment decisions, (3) logistic challenges (e.g., patient was a nursing home resident), and (4) inadequate time to enroll and genotype prospective subjects before their first warfarin dose due to either late identification of potential subjects or late decisions by physicians to initiate the patient on warfarin. Study subject demographics by study arm are summarized in Table 3 . The arms were similar at randomization with respect to gender, age, body surface area, and indication for anticoagulation therapy. Genotypes by study arm are summarized in Table 4 . Although the frequency of the VKORC1 "G/G" allele was somewhat higher in the genotype ϩ clinical arm (46% vs. 36%), the distributions were not significantly different (P ϭ 0.305).
The final study status by randomized arm for all 230 subjects is summarized in Figure 2 and Table 5 . A total of five withdrew consent, including two who withdrew before starting warfarin. In addition, two other subjects enrolled but did not start warfarin therapy. Four patients died while in active follow-up (none due to trial-related causes). Thirty-five subjects discontinued early (including one who subsequently died), with the primary reason for discontinuation being the termination of warfarin therapy. One hundred eighty-four subjects (80%) completed the entire 60-day trial period, with a total of 12,104 subject-days accrued in the trial. Even among those who did not complete the entire trial, a large majority (42/46) provided some data for analyses before they discontinued. Therapeutic dose was established for 176 subjects, 91 of 115 (79%) in the genetic ϩ clinical arm and 85 of 115 (74%) in the clinical-only arm.
There were 65 dosing deviations documented during the study (Table 6 ). Six subjects inadvertently received their first dose based on physician orders rather than trial assignment. This occurred twice when hospital staff started a subject on warfarin before notifying study staff, twice due to errors by trial staff, once due to a genotyping delay, and once due to a database error. In these cases, the assigned trial dose was started on Day 2 of therapy. The overwhelming majority of dosing deviations were documented events of subjects forgetting to take a dose or instances where a nontrial physician treated the these deviations are similar to what is observed in the usual clinical management of warfarin patients.
Dose changes within the first 3 days of therapy were attributable to changing patient conditions, including indica- tions for warfarin, surgery/procedures, and bleeding (n ϭ 11); unanticipated steep increases in INR (n ϭ 27) often accompanied by other drug initiation (e.g., Amiodarone, Levaquin, or statins) or low INR response (n ϭ 5); dose inconsistency in hospital records (n ϭ 2); late study enrollment (n ϭ 1); or patient error (n ϭ 2).
Prediction errors
Actual and predicted doses for the 176 study subjects (76%) with therapeutic dose determined are shown in Figure 3 . Sub- The results provide very strong evidence that the model including genotype predicts therapeutic dose better than the clinical-only model (P Ͻ 0.0001). Moreover, both trial models were superior to a common clinical "standard of care" of 5 mg/day in predicting therapeutic dose. Predictions from the genetic ϩ clinical model were better in 69% of comparisons with 5 mg/day dosing, whereas the clinical-only model was better in 60% of comparisons.
Time in therapeutic target range
Summaries of the primary study endpoint of time in range are presented in Table 6 . A total of 225 (98%) subjects had some INR results in the first 14 days after enrollment for analysis, with between 1 and 14 INR results (median 8 in each arm) available per subject. The medians for the simple percent time in range were 28.6% in both arms (P ϭ 0.564). The riskweighted time in range has been scaled (Table 6 ) relative to target, with the ideal INR (minimum risk) scaled as 1.0, and the value increasing proportionally from 1.0 for INRs further from the target, to a maximum risk of 1.25 for INRs below range, and to a maximum risk of 5.0 for INRs Ͼ 8. The medians for risk-weighted time in range were 1.18 in both arms with no evidence of differences in time in range between the randomized arms (P ϭ 0.891).
Time to stable therapeutic dose
Observed times to stable therapeutic dose were very similar in the two arms (P ϭ 0.90). Estimates of the median times to stable therapeutic dose were 31 days (95% confidence interval: 24 -36 days) in the clinical-only arm and 29 days (95% confidence interval: 23-36 days) in the genetic ϩ clinical arm. Therapeutic dose was established in 176 subjects. Subjects for whom therapeutic dose could not be reliably determined (n ϭ 54) included subjects who withdrew from the trial, died, or were taken off warfarin for clinical reasons, as well as some where the therapeutic dose was difficult to establish and was not determined by the end of the trial. a Subjects who discontinued warfarin for medical reasons and who were followed postdiscontinuation to ensure that trial outcomes were not affected by discontinuation decisions. 
Time to INR Ͼ4
When INR exceeds 4.0, the risk for intracerebral hemorrhage begins to exponentially increase with increase in INR. 3 During the trial, INR exceeded 4.0 in 39 subjects (35% of 112 subjects with data) in the clinical-only arm and in 43 subjects (38% of 113 subjects with data) in the genetic ϩ clinical arm. The study arms were very similar with respect to the time to INR Ͼ4.0 (P ϭ 0.94).
Adverse events
In total, 16 adverse events (eight in each arm) that met DSMB criteria for review were observed in the trial (Table 7) , which includes five deaths (three cancer, one central nervous system, and one cardiac), seven hemorrhagic, and four thromboembolic events. None of the deaths were deemed study related.
All thromboembolic and hemorrhagic health events identified during the trial, whether or not they met the DSMB criteria for review, are summarized by their severity in Table 8 . A total of 100 events (six life threatening and one fatal) in 61 subjects were observed in the clinical-only arm, whereas 112 events (two life threatening) in 54 subjects were observed in the genetic ϩ clinical arm. Minor events (little or no clinical significance) represented 85% of the events observed.
DISCUSSION
Despite the existence of several algorithms that predict stable warfarin dose, these algorithms have not been incorporated into clinical practice because a direct patient benefit associated with genetic-based warfarin dosing has not been demonstrated. Although there is no current requirement to obtain genetic information before warfarin initiation, the Coumadin package insert provides a range of stable maintenance doses based on combinations of CYP2C9 and VKORC1 gene variants and recommends, based on Food and Drug Administration guidelines, that these ranges are considered in choosing the initial dose.
Our randomized trial of genetic-based warfarin dosing used an algorithm that incorporated genotype data for VKORC1, CYP2C9, and CYP4F2, as systematic association of polymorphisms in these genes with warfarin dose has been validated, and these polymorphisms are believed to be the major genetic contributors to stable therapeutic dose of warfarin. The algorithms used for warfarin dose adjustments during warfarin initiation were those used by Marshfield Clinic's ACS. The use of these guidelines was previously shown to result in high-quality patient care, with estimated time in range Ͼ70% for patients in maintenance phase. 19 In general, patients who were dosed based on both genetic and clinical data received a starting warfarin dose that was closer to their subsequent therapeutic dose. Our study demonstrated that an algorithm including genetic information was clearly superior at estimating therapeutic warfarin dose than an algorithm that did not consider genetic information. Compared with the standard 5 mg/day dose, both algorithms demonstrated improved capacity to predict therapeutic warfarin dose. Our study further demonstrated that better prediction of therapeutic dose does not necessarily result in improvements in traditional anticoagulant measures of efficacy, such as time in therapeutic range or time to stable INR. Our study reflects real-world warfarin management practices where some patients have difficulty complying with drug prescriptions and where patient management is based on INR measurements. Accordingly, our results mirror the complexities of patient management both at drug initiation and in subsequent dose adjustments early in therapy. The complexities introduced by the latter are problematic in evaluating the true impact of genetic testing because of variability in the dose-adjustment process. The trial relied primarily on hospital patients, with 80% of the patients hospitalized at the time of enrollment. The availability of more INR data in hospitalized patients may have contributed to more frequent dose adjustments than would have occurred in outpatient settings. Thus, obtaining INR measurements more than twice weekly during initiation of therapy may have created a tendency for frequent dose adjustment and consequently, "over management" of warfarin dosing. This potential effect is difficult to sort out from changes in patient condition and/or comorbidities and illness severity that may play a more prominent role among hospitalized versus outpatients. We note in this regard that of the 48 study subjects who experienced a dose change on Days 1, 2, or 3 following their initiation day, 47 (98%) were in the hospital, and 32 subjects (67%) had dose changes associated with rapidly increasing INRs (27 subjects) or low-INR response (five subjects). There were no evident randomized arm effects; 25 of 48 subjects were in the clinicalonly arm and 23 of 48 subjects in the genotype arm.
As patients were initiated on their estimated stable therapeutic dose, a related issue may have been additional uncertainty in the dose-adjustment process resulting from initiating patients on less common warfarin doses. The trial introduced initial dose recommendations that often differed from the common initiation dose of 5 mg/day. Study nurses, including many with experience in Marshfield Clinic's ACS, may have been sensitive to these unusual initiation doses and, therefore, more likely to change dose early in the initiation process.
As in all trials, a potential limitation of our study was enrollment bias. Some physicians chose to manage otherwise eligible patients outside of the trial, and it is possible that these patients may have been systematically different from those enrolled. We do not believe that prospective participant decisions to decline enrollment presented a concern, as only 8% (20/250) approached for participation declined. Enrollment was slower than anticipated and was terminated at 88.5% of our target, reducing statistical power. However, power analysis at the time of termination determined that even continuing to full enrollment would likely not result in significant differences with respect to clinical outcomes such as time in therapeutic range.
This trial had many strengths of design including randomization of subjects before genotyping and blinding of the patients, nurses, and physicians to genotype. Ninety-two percent of trial-eligible subjects were enrolled into the trial, and primary outcome data were available for 98% of subjects for time in therapeutic range through Day 14 and 77% of subjects for prediction error assessment. The unavailability of data was similar in the two arms.
Other recent studies have investigated the utility of geneticbased warfarin dosing, and some have demonstrated a benefit of genetic-based warfarin dosing on time in therapeutic INR range and bleeding events. Caraco et al. 27 demonstrated that patients on a genotype-guided initiation protocol attained their first therapeutic INR faster than controls. They also showed a significant improvement in time to stable anticoagulation, time within therapeutic range, and fewer minor bleeding events. However, they excluded in their analyses approximately one third of enrolled subjects for a number of reasons, including warfarin discontinuation, protocol violations, and study withdrawal, making it difficult to extrapolate their results to clinical management of a general warfarin patient population. Anderson et al. 28 showed that genotype-guided dosing predicted stable dose more accurately than the prevailing institutional standard warfarin dosing practices. However, as in our study, their primary endpoint (percent INRs out of range) did not differ significantly between study arms.
Summary interpretation of the results
Although our study could not demonstrate that genotype-based initial warfarin dosing was superior to clinical-based dosing with respect to time in therapeutic range through the first 14 days of therapy, there was strong evidence that genotype-based dosing resulted in subjects starting warfarin on doses much closer to their therapeutic dose compared with clinically dosed subjects. Moreover, in both study arms, starting warfarin doses were closer to physician or any additional visits to primary care physician; significant bleedingbleeding that requires evaluation by primary care physicians or referral to primary care physicians or associated with a decrease in hematocrit greater than 3% or a decrease in the hemoglobin by a level of more than 1.2 mg/dL; major bleedingevent requires hospitalization and/or transfusion of at least 2 units of blood; life-threatening bleeding-bleeding that has led to cardiopulmonary arrest, surgical or angiographic, intervention, or irreversible sequelae; and fatal bleedingdeath is a direct result of the bleeding.
their actual therapeutic doses than they would have been if they had been initiated on a fixed 5 mg/day regimen.
